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ABSTRACT 

The detections of X-ray emission from the kiloparsec-scale jets of blazars and radio 
galaxies may imply the existence of high energy electrons in these extended jets, and 
these electrons could produce high energy emission through inverse Compton (IC) 
process. In this paper we study the non- variable hard TeV emission from a blazar. The 
multi-band emission consists of two components: one is the traditional synchrotron sclf- 
Compton (SSC) emission from the inner jet, and the other is the emission produced via 
SSC and IC scattering of cosmic microwave background (CMB) photons (IC/CMB) 
and extragalactic background light (EBL) photons (IC/EBL) by relativistic electrons 
in the extended jet under the stochastic acceleration scenario. Such a model is applied 
to 1ES 1101-232. The results indicate that (1) the non-variable hard TeV emission of 
1ES 1101-232 can be reproduced well, which is dominated by IC/CMB emission from 
the extended jet, using three characteristic values of Dopplcr factor (<5d = 5, 10, 15) for 
the TeV emitting region in the extended jet; and (2) in the cases of <5d = 15 and 10, 
the physical parameters can achieve the equipartition (or quasi-cquipartition) between 
the relativistic electrons and the magnetic field; In contrast, the physical parameters 
largely deviate from the equipartition for the case of <5d = 5. It is therefore concluded 
that the TeV emission region of 1ES 1101-232 in the extended jet should be moderately 
or highly beamed. 

Key words: galaxies: BL Lacertae objects: individual: 1ES 1101-232 - galaxies: 
active - gamma-rays: general - radiation mechanisms: non-thermal 



1 INTRODUCTION 

Blazars are the most extreme class of active galactic nu- 
clei (AGNs). Their spectral energy distributions (SEDs) are 
characterized by two distinct bumps: the first bump located 
at low-energy band is dominated by the synchrotron emis- 
sion of relativistic electrons in a relativistic jet, and the sec- 
ond bump located at high-energy band could be produced 
by IC scattering (e.g., Bottcher 2007). Various soft photon 
sources seed SSC process (e.g., Rees 1967; Maraschi et al. 
1992) and external Compton (EC) process (e.g., Dermer & 
Schlickeiser 1993; Sikora et al. 1994) in the jet to produce 
7-rays. Hadronic models have also been proposed to explain 
the multi-band emissions of blazars (e.g., Mannheim 1993; 
Mucke et al. 2003). 

More than 40 blazars have been detected in TeV band 
and most of them are high frequency-peaked BL Lac ob- 
jects (HBLs). GeV - TeV photons from blazars would be ab- 
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sorbed by interaction wit h EBL photon s , thro ugh the pair- 
production process (e.g., IStecker et alj (|l992t )h Therefore, 
the observed high energy emission from a TeV blazar must 
be less luminous and its spectrum must be steeper com- 
pared with its intrinsic emission. A large number of obser- 
vational evidences support that the TeV emissions of HBLs 
can be explained by the SSC radiation inside their jets. How- 
ever, the recent observations of TeV emission from some 
HBLs challenge the classic SSC scenario. Indeed, the intrin- 
sic TeV spectra of some relatively distant so urces (e.g. 1ES 
0229+200 z = 0.14.lAharonian et all (|2007al h 1ES 1101-232, 
z = 0.186. lAharonian et~aT1 (|2006l h 1ES 0347-121, z=0.188, 
IXh aronian et all (|2007bl vr are very hard (the intrinsic TeV 
spectral index Lint ~ 1-5), even consi d ering t he low level 
EBL models (e.g., iFranceschini et all i^POSf ); iFinke et al.l 
(2010)). The standard shock acceleration theories predict 
the particle distribution index p ^ 2, where 71(7) = y~ p . 
This would correspond to a limiting intrinsic photon spec- 
tral index Tint ^ 1.5. Moreover, as the suppression of the 
cross-section due to Klein-Nishina (KN) effect becomes im- 
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portant in the TeV emission from HBLs, steeper intrinsic 
photon spectra would be expected. 

Many possible solutions have been proposed to over- 
come t his problem of hard TeV emission. iKatarzvriski et all 
(|2006al ) suggested that the hard TeV emission of 1ES 
1101-232 could be explained in SSC scenario by assuming 
a narrow high energy electrons distribution with a large 
value of minim u m en ergy cutoff (~ 10 J ). As shown in 
iTavecchio et al.l <|2009h . this solution might be supported 
by the simultaneous UV and X-ray observations of 1ES 
0229+200 performed by the Swift satellite. While this sce- 
nario would require that emission process should be very 
inefficient but acceleration process should be very efficient. 
The formation of such hard TeV emission also would be 



achieved in an internal absorption scenario (lAharqnian et al 



|200S|; IZacharopoulou et alj|201lf ). Very recently, iLefa et al. 
(|2011al 7 suggested that considering either adiabatic losses or 



relativistic Maxwell-like distributions formed by a stochas- 
tic accel eration is an altern ative option to create hard TeV 
spectra. ILefa et ah! (|2011rJ ) shown that the relative hard 7- 
ray spectrum of Mkn 501 could be formed in a multi-zone 
model in the stochastic acceleration scenario. The secondary 
gamma-rays produced relatively close to the Earth by the 
interactions of cosmic ray protons with background pho- 
ton can also expla in the hard TeV emission of blazars (e.g., 
lEssev et all ^Ollh l. 

Previous works usually considered the emissions from 
the inner jets ( sub-p arsec scale) of blazars. Alternatively, 
iBottcher et al.l (|2008l ) suggested that the slowly variable, 
hard TeV emission of 1ES 1101-232 might be created 
via Compton up-scattering of CMB photons by shock- 
accelerated electrons in an extended jet (kiloparsec scale). X- 
ray emissio ns from the extended jet s of blazars have been de - 
tected (e.g..lTayecchio et all (|2007l ); ISambruna et all (|2008h : 
M assaro et all (|201ll Vr These evidences imply the presence 
of high energy electrons in their extended jets. In such an 
extended jet, the CMB phot ons would be domina nt soft 
photons for IC process (e.g., ITavecchio et~ai1 (|2000h ), and 
the emission of Compton up-scattering of the EBL pho- 
tons o ff relativistic electrons may b e also important at TeV 
band (|Georganopoulos et al.l [ 2008i ), due to the Doppler ef- 
fect. Moreover, recent studies indicated that electrons in 
the large-scale jets of AGNs may be a ccelerated t o hig h 
energies by stoc h astic acceleration (e.g., I Fan et all (|2008h ; 
lO'Sullivan et all (|2009D l. The possible TeV emissions from 
the e xtended jets of some radio gala xies have been explored 
(e.g., lHardcastle fc Crostonl (1201 if )). In the AGN unified 
scheme ( Urrv fc PadovanH 19951 ). it is natural and worth- 
while to wonder whether the kind of non-variable TeV emis- 
sions of some blazars can be produced at least in part in 
their extended jets. 

In this paper, we study possible TeV emission from the 
extended jet of a blazar. We assume that multi-band emis- 
sion from a non-variable TeV blazar includes two compo- 
nents: one is from the inner jet and the other is from the 
extended jet. In this model, the emission from the inner jet 
is produced in a conventional SSC model; and the emis- 
sion from the extended jet is produced in a self-consistent 
SSC+IC/CMB/EBL model under the stochastic acceler- 
ation scenario. We apply the model to explain the non- 
variable hard TeV emission of 1ES 1101-232. The cosmo- 



logical parameters (Ho, Q m , Ha) = (70 km 
0.7) are used throughout this paper. 



2 THE MODEL 
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As mentioned above, we assume that the emission from a 
non-variable TeV blazar is produced at both inner and ex- 
tended jet. In this model, non-thermal photons are produced 
by both the synchrotron radiation and IC scattering of rel- 
ativistic electrons in a spherical blob which is moving rela- 
tivistically at a small angle to our line of sight, and the ob- 
served radiation is strongly boosted by a relativistic Doppler 
factor <5d- We give the specific descriptions of this model be- 
low. 



2.1 The conventional SSC model in the inner jet 

We use the conventional SSC model to produce the emis- 
sion from the inner jet. Here we assume a broken power-law 
electrons energy distr ibution and us e the r elativistic electron 
distribution given bv lDermer et al.l (|2009h , i.e., 

= -fC#(7';7min,7max){7' -P1 eXp^'/lb) 

xH[( P2 - Pl ) 7 ; - 7'] + [(pj, - pi) 7 ;P~ P1 7'~ P2 

xexp(pi -p 2 )H['y'- (p2-pi)7b]}, (1) 

where K' c is the normalization factor, in unit of cm~ 3 . 
H(x;xi,X2) is the Heaviside function: H(x;x\,X2) = 1 for 
x\ ^ x ^ X2 and H(x; xi, X2) = everywhere else; as well 
as H(x) — for x < and H(x) — 1 for x 0. The min- 
imum and maximum energies of electrons in the blob are 
7min and 7max> respectively. The spectrum is smoothly con- 
nected with indices p\ and p2 below and above the electron's 
break energy 7^. Note that here and throughout the paper, 
unprimed quantities refer to the distant observer's frame on 
the Earth and primed ones refer to the co-moving frame. 

Then, the synchrotron flux is calculated as (Finke et al. 
2008) 



dy 1 Ktf^R* /S)R{x) 



(2) 



" A-Khdl 

where e is the electron charge, B 1 is the magnetic field 
strength, R' h is blob's radius, h is the Planck constant, and 
c?l is the distance to the source with a redshift z. Here 
m e c 2 e' = hv(l + z)/So is synchrotron photons energy in 
the co-moving frame, where m e is the rest mass of electron 
and c is the speed of light. Here we use an approximation for 
R(x) given by Finke et al. (2008). The synchrotron spectral 
energy density is 



*syn(^ ) — 



R' b V3e 3 B' 
c h 



d^'N'^^Rix) 



(3) 



The SSC flux vF v is given by Finke et al. (2008) 



rnSSC 3 /2 5d 

= 4^4^? 



Trr 



d-y 



L JO 

, iS£( 7 ' )(47riff/3) 



FcW,T' B ) 



(4) 



where ctt is the Thomson cross section, m c c 2 e' s — hv(l + 
z)/5r> is the energy of IC scattered photons in the co-moving 
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frame, F c (q', F' e ) = 2q']nq' + (1 + 2q')(l - q') + 2( U% B ) i 1 " 
q'), q' 



r^w/V) ■ r - = 4e V, and 



2.2 The self-consistent SSC+IC/CMB/EBL 
model in the extended jet under the 
stochastic acceleration scenario 

The self-consistent SSC+IC/CMB/EBL model including a 
acceleration process in the stochastic acceleration scenario 
is used to create the emission from the extended jet. A 
physical self-consistent description of stochastic accelera- 
tion in a time evolution scenario can be achieved through 
a kinetic equation , and t he kinet ic equation is given as 
(IKatarzvhski et all (l2006bh ; also see lTramacere et all (|201ll ) 
_aL|l 

dN'{i,t) d 



and IWeidinger et al.l (|2010l l ) 



dt 



= ^j[{C'W,t)-A'('y',t)}N'( 7 ',t)] 



d-y' 



E'(7',t) + Q'(7',*) 



(5) 



where D' (7' , t) is the momentum diffusion coefficient and 
A'( 7 ',f) = (2/7')!)' (7', t) is the average energy change 
term resulting from the momentum-diffusion process. In this 
work we assume that the acceleration timescale t acc and 
escape timescale t csc are both independent of electron en- 
ergy, which is the case of the hard sphere approximation. 
Hence, D'(j') = (l/2t acc ) 7 ' 2 , A'(j') = 7'/*^ and the 
escape term -E'( 7 ') = N'("/', t)/t csc . Q'( 7 ',t) is the injec- 
tion term. C'(Y,t) is the total cooling rate. In addition to 
the synchrotron cooing rate (^j-)syn and SSC cooling rate 



(^-)ssc, we consider the IC/CMB cooling rate ( 



— JlC/CMB 



and IC/EBL cooling rate (^)i C /ebl- Therefore, C'(Y,t) 



("a )»yn + (-Jf)ssc + (^t)ic/cmb + (-^)ic/ebl- For syn- 
chrotron cooling, (^)syn = j^§i U B -/ 2 , where U B = f^- 
is the magnetic field energy density. The SSC coolin g 
rate using the full KN cross sect i on (e .g., Ijonesi (| 19681 ) : 
iBottcher et"ai1 (|l997r ): iFinke et all l|2008l ^ is 



, d-y 1 3(7t 
(-r-Jssc = 

at 8m c c 



dt 



('■-') 



r'2 



G( 7 V) 



(6) 



where G{E) 
+ ln(l + 4E) 



IE 



iE 



— — (— — i — 

3 ~ 2E 



1 + E + 4 



1+5-E 
JT+IeJ 1 1+4E 
3 1 1 ln[l+4E] _ ln[4E] \ 
E 



+ 



IE 



IE ' 



i T,n=i {1+4 S ] "m~ 2 ' and u syn(e') is given by equation 
©. We calculate the IC/ CMB and IC/EBL coo ling rates us- 
ing the method given bv lModerski et all (j2005T h which fully 
takes into account KN effects, 



~dt -' IC / CMB / EBL 



4<ttc /2 „ 



where F KN = fKvi{4j'e')u' CMB/EBL (e')de' . /kn {%) =± 

^■(lnx — 11/6) for x 3> 1. /kn(i) can be approximated 
by /kn(i) =± 1/(1 + a;) 1-8 for x < 10 4 . For the case of the 
CMB radiation in the stationary frame of the host galaxy, 

HCMB(e) = - — cxp(£ /e)-i ' w h ere » = i^B.T/m e c 

is the dimensionless temperature of the blackbody radia- 
tion field, T — 2.72(1 + z) K and kb is the Boltzmann 
constant. We use the spec tral EBL energy density ex- 
pected in lFinke et all (|2010T ) . The spectral energy densities 




Figure 1. The reprod uced electron spectra in Fig. 4 of 
iKatarzvnski et al.l [|2006bh by using our code. 



in t he co-moving frame transform as u'(e') — 5j3u(e'/5r>) 
(e.g. lGhisellini fc Tavecdiiol (|2009h V 

To obtain the self-consistent relativistic electron en- 
ergy distribution, we must solve equation (0 numerically. In 
the num erical calculations, we ad opt the numerical method 
given bvlPark fc Petrosianl (|l996h . which is firstly proposed 
bv lChang fc Copperl (|l97ol ). The method is a finite difference 
scheme, which uses the centered difference of the diffusive 
term, and a weighted difference for the advective term. We 
have carefully tested our code by runni ng it with parame- 
ters ide ntical to those used for Fig. 4 of IKatarzvhski et al.l 
(20061)), only considering the synchrotron and SSC radia- 
tive cooling. We find good agreement wit h their results. The 
reprodu ced electron spectra in Fig. 4 of IKatarzvhski et al.l 
(|2006bh using our code are shown in our Fig. [1] 

After obtaining the relativistic electron energy distri- 
bution, we can calculate the synchrotron-SSC flux and 
IC/CMB/EBL flux from the extended jet by using equa- 
tion @ and equation @ with the corresponding electron 
spectrum and energy densities of soft photons field. 

High energy emission from both the inner and extended 
jet would be modified by a factor of exp(— r) due to the 
absorption of EBL. In thi s pape r, we use the optical depth 
r expected in iFinke et all (|2010l ). This EBL model is a low 
level one, which is consis tent with the widely used one (e.g., 
Franceschini et all (l2008h ) and the newly proposed one (e.g., 



Domfnguez et alj (120111 )) 



3 APPLICATION TO 1ES 1101-232 

1ES 1101-232 r e sides in an elliptical host galaxy (e.g., 
iRemillard et alj (|l989T O. An extended jet structure at a 
few kiloparsec dist ance from the core is revealed by the 
radio observations (|Laurent-Muehleisen et all (|l993T l). The 
TeV observations of 1ES 1101-232 were performed by the 
H.E.S.S. Cherenkov telescopes in April and June 2004, and 
in March 2005. Simultaneous observations were carried out 
with H.E.S.S., X-ray measurements with RXTE, and op- 
tical measurements with the ROTSE 3c robotic telescope 
in March 2005, following the detection of a weak signal in 
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Table 1. The modeling parameters for the inner and extended jets. 



inner jet 


B' 


7' ■ 

'mm 




Tmax 


7 D 


So 


K 


Pi 


P2 R' h 




(G) 












(cm 3 ) 




(cm) 




0.1 


1.0 




6.0 x 10 5 


2.0 x 10 5 


24.7 


19.8 


2.0 


4.0 7.5 x 10 16 


extended jet 


B' (jiG) 


Q' (cm" 3 


s-i) 


R' h (cm) 


^esc (s) 


^acc / ^esc 








highly beamed 


23.0 


8.0 x 10" 


-20 


5.0 x 10 20 


R'Jc 


0.86 


15 


1.0 




moderately beamed 


58.5 


5.0 x 10" 


-11) 


5.0 x 10 20 


R'Jc 


0.86 


10 


1.0 




mildly beamed 


29.3 


1.0 x 10" 


-17 


5.0 x 10 20 


R'Jc 


0.78 


5 


112.3 





Table 2. The radiative (P r ), Poynting flux (Pb), kinetic (P e and P p ), and injection (ii n j) powers for the inner and extended jets. 



inner jet 


P r (erg s 1 ) 


Pb (erg s 1 ) 


Po (erg s 1 ) 


Pp (erg s 1 ) 






4.1 x 10 43 


1.3 x 10 44 


5.4 X 10 43 


9.2 x 10 45 




extended jet 


P r (erg s -1 ) 


Pb (erg s _1 ) 


Po (erg s -1 ) 


Pp (erg s _1 ) 


L inj (erg s 1 ) 


highly beamed 
moderately beamed 
mildly beamed 


2.5 X 10 43 
1.2 x 10 44 
2.4 x 10 44 


1.1 x 10 44 

3.2 x 10 44 
2.0 x 10 43 


1.1 X 10 44 

3.2 x 10 44 

2.3 x 10 45 


1.5 X 10 43 
4.1 X 10 43 
2.0 x 10 44 


5.2 X 10 40 
1.4 x 10 41 
7.2 x 10 41 



the 2004 H.E.S.S. observations (jAharonian et al.ll2007ch . No 
TeV variability was found in these observations, and a mod- 
erate flux changes were o bserved with RXTE in March 2005 
()Aharonian et all l2007ch . No very significant signal from 
1ES 1101-232 is detected by Fermi -LAT in its first year sci- 
entific operation (|Abdo et al.ll2010T ). and only the flux upper 
limits derived from the first year Fermi-LAT observations 
are av ailable (e.g., iNeronov fc Vovkl |2010l ); ICostamantd 
|201ll )). The two years scientific operation of Fermi-LAT 
reports a significant detection of 1ES 1101-232 at a signifi- 
cance 5.2a with the pho ton spectral index F = 1.80 ± 0.31 
|Ackermann et al"1l201ll ). More significant signals (a ~ 10) 
from 1ES 1101-232 have been detecte d in Fermi-LAT's 3.5 
years observations (|Finke et al.ll2012T ). We will use Fermi- 
LAT 3.5 years average spectrum. Since the detections made 
by H.E.S.S. in 2004 are not significant, we select the simulta- 
neous multi-band data derived in the observations in March 
2005 in this paper. 

The variability at optical and X-ray frequencies of 1E S 
1101-232 have been d etected (e.g.. iRemillard et~al] ( |l989h : 
iRomero et ail j 19991 ); IWolter et al l (|2000l )). Moreover, the 



1C/C MB process havi n g a ra diative cooling timescale ~ 10' 



years (|Bottcher et al.l ( 2008! ) ), such long cooling timescale 
indicates that 1C/CMB emission, as well as the synchrotron 
emission associated with the same high energy electrons and 
emission region, will be slowly variable. In addition, the very 
large size of the emis si on region in the extended jet (e.g., 
iTavecchio et all |2007l ); lFan et all IMPOST )) also indicates that 
emission from such a region should be slowly variable. We 
therefore argue that the moderately variable optical-X-ray 
radiation of 1ES 1101-232 should be dominated by the emis- 
sions originating in a compact region in the inner jet. 

As discussed above, we use the conventional SSC model 
in the inner jet to produce the optical- X-ray emission. The 
self-consistent SSC+IC/CMB/EBL model is used to create 
the TeV emission from the extended jet. In the extended jet, 



we assume that electrons with energy 7, n j ss 27 are continu- 
ously injected into a blob with a constant injection rate Q' . 
The minimum and maximum energies of electrons in this 
blob are set as 7 rn j I1 = 1.0 and 7 rnax = 10 7 . 

The Doppler effect is crucial for the IC/CMB/EBL 
emission because it can affect the CMB energy density 
and the CMB photons energy in the co-moving frame, and 
inversely it affects the relativistic electrons energy den- 
sity required to produce the TeV emission. Unfortunately, 
Doppler factor is poorly constrained. It is possible that 
the jets of blazars remain hig h ly rel a tivistic at kiloparsec 
scales (e.g., lAtovan fc Dernier (|2004l ); Ijorstad Sz Marscherl 
(|2004l )). However, recent very long baseline interferometry 
(VLBI) observations indicate that the bulk Lorentz factors 
in the par sec-scale rad i o jets of T eV HBLs are fairly low, 
T < 5 (e.g. lPiner et all (|2008i . l2010h ). Because of the impor- 
tance of Doppler effect, we assume three values of Doppler 
factor for the TeV emission region in the extended jet, which 
are 5u = 15, 10, 5 corresponding to the highly beamed, mod- 
erately beamed and mildly beamed cases respectively, to re- 
produce the TeV emission of 1ES 1101-232. In the following, 
we show the results of reproducing SED. 

The case of highly beamed extended jet with 5u — 15: 
the results are shown in Fig. [2] It can be seen that when 
t > 9 tacc, the electron spectrum produced by the stochastic 
acceleration tends to be steady. This distribution in steady- 
state develops a rising low-energy power-law tail (left side 
of 7;' n j in upper panel of Fig. 0) with the theoretic spec- 
tral index n ~ — 2 — ^ S£ - (the acceleration theory predicts 
n ~ —2.43, and our numerical calculations give n ~ —2.49), 
but at high energies it presents a power-law spectrum with 
an exponential cut-off (right side of 7;' n j in upper panel 
of Fig. [2]). The spectral index of power-law distribution 
formed in the stochastic acceleration scenario at 7' > 7; n j 
is n ~ 1 + (the acceleration theory predicts n ~ 1.43, 
and our numerical calculations give n ~ 1-49), which dif- 
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fers from the spectral index n ~ 1 + iasa that obtaine d 
from the basic shock acce leration (e.g., iKirk et ah! l|l998l ); 
iKatarzvriski et all (|2006bl )). The cut-off energy can be ob- 
tained when the cooling time scale £ coo i satisfies the con- 
dition t CO oi(7c) — ^acc- We adopt this steady-state electron 
spectrum to produce the TeV emission from the extended 
jet. As shown in lower panel of Fig. [2] a good representation 
of SED can be achieved. The synchrotron emission from the 
inner jet contributes to the optical- X-ray emission of fES 
1101-232. At GeV band, SSC emission from the inner jet is 
dominant. The parameters we used are appropriate for the 
emission region in the inner jet with the ratio between the 
relativistic electrons energy density and the magnetic field 
energy density, U' c /U^ ~ 0.4. The parameters are listed in 
TableQ] The IC/CMB emission from the extended jet dom- 
inates the TeV emission, while IC/EBL emission as well as 
the SSC emission from the extended jet are negligible in 
this case. Our results indicate that the intrinsic TeV flux 
peak is located at ~ 4 TeV, and the intrinsic TeV spec- 
tral index is Tint ~ 1.5, w h ich ar e consistent with that 
inferred by [Ah aronian et all (|2007d ). As required, the in- 
j ected power (L^ \ = f TT-Rb^Q'li'nj « 5.2 x 10 40 erg s" 1 
l|Weidingeri l201ll )) in the stationary frame of the host 
galaxy for the extended jet (see Table [2| exceeds the ob- 
served radio power of the extended radio structure at 1.5 



GHz, Lf$ 



3.8 x 10 40 erg s 1 (|Laurent-Muehleisen et al.l 
1993). Because of the highly relativistic extended jet, the 
required energy density of relativistic electrons is small, 
U' e ~ 2.1 x 10" 11 erg cm -3 . The parameters we adopted 
for the extended jet can achieve the equipartition condi- 
tion between the relativistic electrons and the magnetic field 
(t/e/E^B ~ 1-0), and the synchrotron emission from the ex- 
tended jet is about one order of magnitude below the emis- 
sion from the inner jet. 

The case of moderately beamed extended jet with & = 
10: the results are presented in Fig. [3] In this case, we only 
present the electron spectrum in the steady state, which is 
used to reproduce the TeV emission from the extended jet, 
since the evolution of this electron spectrum is the same 
as that in the former case. The emissions from the inner 
jet are the same as that in the former case, and TeV emis- 
sion is also dominated by IC/CMB emission. In this case, 
the required energy density of relativistic electrons becomes 
larger, U' c « 1.4 x 10~ 10 erg cm" 3 . In order to achieve the 
equipartition with U' e /U^ « 1.0, a larger magnetic field 
strength (£/ B ~ 2C/c MB ) is needed, which causes the signifi- 
cant synchrotron emission from the extended jet. If a mag- 
netic field in quasi-equipartition with the relativistic elec- 
trons with Uc/Ub ~ 2.0 is used, the contribution of syn- 
chrotron emission from the extended jet will become slight 
to the optical- X-ray emission of 1ES 1101-232. 

The case of mildly beamed extended jet with So = 5: 
we show the results in Fig. f?] The emissions from the inner 
jet are still unchanged. In this case, for reproducing the TeV 
emission well, a high energy density of relativistic electrons 
in the extended jet is needed, U' a « 3.8 x 10~ 9 erg cm" 3 . 
Even a large magnetic field strength is used (t/ B ~ 2C/c MB ), 
the parameters with U' c /U^, 112.3 still largely deviate from 
the equipartition. 

We now can estimate the powers in the forms of radia- 
tion (Pi), Poynting flux (P B ), relativistic electrons (P e ) and 




Figure 2. The case of highly beamed extended jet with <5d = 15. 
Upper panel: the evolution of the electron spectrum in the ex- 
tended jet. From left to right: t= ( 3, 5, 7, 9, 13) t a cc- Lower panel: 
SED of 1ES 1101-232. The filled ci rcles are the simultaneou s op- 
tical - X-ray - TeV data taken from lAharonian et al.l l l2007d\ The 
area surrounded by short-dashed line is the Fermi-hAT 3.5 years 
average spectrum integrated over August 2008 to February 2012 
llFinke et alj|2012ft . The curves represent synchrotron-SSC emis- 
sion from the inner jet (thin solid line), synchrotron-SSC emis- 
sion from the extended jet (dashed line), IC/EBL emission from 
the extended jet (dotted line) and IC/CMB emission from the 
extended jet (dot-dashed line). The thick solid line is the total 
emission from the inner and extended jet with absorption of EBL 
and the double-dot-dashed line is the intrinsic total spectrum 
without absorption of EBL. 
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Figure 3. The case of moderately beamed extended jet with 
<5d = 10. Upper panel: the electron spectrum in steady state. 
Lower panel: SED of 1ES 1101-232. The symbols and curves are 
the same as that in Fig. [2] 
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Figure 4. The case of mildly beamed extended jet with <5d = 5. 
Upper panel: the electron spectrum in steady state. Lower panel: 
SED of 1ES 1101-232. The symbols and curves are the same as 
that in Fig. 



protons (P p ) for the inner and extended jet, respectively, 
which are all in the stationary fr ame of the host galaxy . 
All the powers are calcu lated as (|Celotti fc FabiarJ 1 19951 : 
ICelotti fc Ghisellinill200Sl ) 



Pi 



ttR^T 2 U[c , 



(8) 



where U( (i=r, e, B, p) are the energy densities associated 
with the radiation C/ r ', the emitting electrons U' e , magnetic 
field [/b and protons U' p in the comoving frame. We calculate 
U p by assuming o ne proton per emitting elec tron, then U p = 
U' e {m p /m c )/(i) (|Celotti fc Ghisellinil 120081 ) , where (7') is 
the average energy of relativistic electrons. Here, we take 
the bulk Lorentz factor F — 8r>. The power carried in the 
form of the produ ced radiation can be rewri tten as by using 
Ul = L'/(nRgc) jCelotti fc Ghiserhnill2008l ) 



LT 2 « L 



(9) 



where L is total no-thermal luminosity. 

Our predicted powers are listed in Tabled For the in- 
ner jet, we have that P r ~ P c $J Pb. This follows the fact 
that the synchrotron luminosity from the inner jet is larger 
than the 7-ray one. For the extended jets with So = 10, 15, 
we have that P r ~ P c ~ Pb- Since P r ~ P G , relativistic 
electrons cannot be the pr imary energy carriers in the jet 
|Celotti fc Ghisellini|[200l ). Under the assumption of one 
proton per emitting electron, our results indicate that a sub- 
stantial fraction of the total jet power in the inner jet is car- 
ried by protons. However, it can be seen that in the extended 
jet, the jet power in protons is far smaller than the one in 
emitting electrons, with P P /P C ~ 0.1, which contradicts the 
scenario that a sizeable fraction of jet power is carried out to 
large distances by the protons content of the jet. Moreover, 
Poynting flux in the inner jet is comparable with the ones in 
the extended jets for the cases of <5d = 10, 15. Therefore, rel- 
ativistic leptons as well as Poynting flux also cannot be the 



primary energy carriers. It is likely that for the case of 1ES 
1101-232 the cold electron po sitron pairs are the prima ry 
energy carriers m the jet fe.g.. lCelotti fc Ghisellinil Boog)) . 

As mentioned in introduction, IBottcher et al. I (|2008l ) 
have modeled the TeV emission from 1ES 1101-232 in the 
frame of Compton up-scattering of CMB photons by shock- 
accelerated electrons in an extended jet with So = 15. It is 
worthwhile to compare their results with ours. For the ex- 
tended jet with So = 15, the injected power in our model is 
Linj = 5.2 x 1 40 erg s" 1 (see Table 2), which is about 1/3 of 
that given bv lBottcher et all d2008l ) . The electrons distribu- 
tion index used bv lBottcher et al.l ( |200cf ) is n = 1.5, which 
is almost the same as that we obtained (n ss 1.49). How- 
ever, in the framework of shock acceleration, such a small 
electrons distribution index ca n only result from the extreme 
condition (|Stecker et al.|[2007l ) , while in the stochastic accel- 
eration model, such a small one can be naturally obtained 
assuming t acc ~ t asc . In order to achieve the equiparti- 
tion, a larger value (~ 23 fiG and U% ~ 0.1Uq MB , where 
Ucmb = 4.02 x 10~ 13 (1 + z) 4 5l erg cm -3 ) of magnetic 
field strength is r equired in our model compared to that 
(~ 10 fiG) used in IBottcher et al.1 (|2008ft . which causes the 
larger s ynchrotron emission f rom extended jet than that de- 
rived in lBottcher et all |2008). For the inner jet, we assumed 
a broken power-paw electrons distribution to create the non- 
thermal emission. It can be found that the values of B 1 ,R' h , 
So and 7^ used i n our model are very close to those used 
by IBottcher et all (|2008l ). However, the value of 7 m i n can 
be as low as one in our inner jet model (7mm ~ 10 in 
IBottcher et al.l (120081 )1. 



4 DISCUSSION AND CONCLUSION 

Recently, some studies indicate that particles in the 
large-scale jets of radio galaxies would be accelerated to 
high energies through the stochastic acceler ation (e.g., 
lHardcastle et al.l (120081 ): lO'Sullivan et all (|2009l )). Actually, 
the stochastic acceleration has been applied t o expla i n emis - 
sions from the inner jets of blazars (e.g., I Wand l|2002h : 
iKatarzvhski et al.1 (|2006bh ; iTramacere et al.1 < |201lh l . It is 
likely that several acceleration me chanisms may be ac ting in 
parallel in the jets of AGNs (e.g.. iRieger et al.1 (120071 )). Be- 
cause of the detections of X-ray and GeV emissi ons from the 
extended jets of blazar s and radio galaxies (e.g.. lAbdo et all 
(|2010t ): iMassaro et all (|201lD ). we think it is worthwhile to 
investigate whether TeV emission could be created in the 
extended jet of a blazar. In this paper, we assume that elec- 
trons in the extended jet of 1ES 1101-232 can be acceler- 
ated to high energies by stochastic acceleration, therefore 
TeV emission may be produced via Compton up-scattering 
of CMB and EBL photons by these electrons. The tradi- 
tional emission from the inner jet should also be taken into 
account. For simplicity, we use the conventional SSC model 
to produce this emission from the inner jet. It can be seen 
that our model can well reproduce the SED of 1ES 1101-232, 
and its hard TeV emission is dominated by the IC/CMB 
component from the extended jet. Since our model requires 
the extent of the emission region in the extended jet to be 
kiloparsec, the behavior of substantial TeV variability is for- 
bidden. The emissions from a compact region in the inner jet 
make dominant contribution to the emission of 1ES 1101- 
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232 at optical- X-ray and GeV band. Therefore, the vari- 
abilities on time-scales of days at optical - X-ray and GeV 
band are allowed. If it is determined that the extended jet is 
another TeV emission region, this fact will provide stronger 
constraints on the physics properties of emission region in 
the inner jet. However, it should be kept in mind that this 
model is only applicable for the TeV blazars that show no 
TeV variability (e.g., 1ES 1101-232, 1ES 0229+200 and 1ES 
0347-121). 

We assumed three characteristic values of Doppler fac- 
tor for the TeV emission region in the extended jet. We can 
well reproduce the TeV emission of 1ES 1101-232 using each 
one of them. Furthermore, for a moderate or a large value 
of Doppler factor (Sr> ~ 10, 15), the physical parameters in 
the TeV emitting region in the extended jet are consistent 
with the equipartition (or quasi-equipartition). In contrast, 
for a small value of Sr> ~ 5, the parame ters largely depart 
from the equipartition with U' a /U^ 3> 1. IPiner et al.l (|2010h 
suggested that the bulk Lorentz factors in the TeV emis- 
sion region and radio emission region of TeV blazar would 
be different. Therefore, we conclude, from our results, that 
the TeV emitting region in the extended jet of 1ES 1101-232 
should be moderately or highly beamed. 
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